The transcription factor Nrf2, which regulates the expression of antioxidant and cytoprotective enzymes, contributes to cell proliferation and resistance to chemotherapy. Nrf2 is also dysregulated in many cancers such as lung, head and neck, and breast cancers, but its role in Epstein-Barr virus (EBV)-transformed B cells is still not understood. Here, we investigated EBV infection-induced Nrf2 activation in B cells by analyzing translocation of Nrf2 from the cytosol to the nucleus. In addition, we confirmed expression of the target genes in response to increased Nrf2 activation in EBV-transformed B cells. We demonstrated that knockdown of LMP1 and 2A blocks the translocation of Nrf2 to the nucleus and reduces ROS production in EBV-transformed B cells. Further, we showed that inhibition of Akt prevents Nrf2 activation. Moreover, knockdown of Nrf2 induces apoptotic cell death in EBV-transformed B cells. In conclusion, our study demonstrates that Nrf2 promotes proliferation of EBVtransformed B cells through the EBV-related proteins LMP1 and 2A and Akt signaling, implicating Nrf2 as a potential molecular target for EBV-associated disease.
Introduction
Epstein-Barr virus (EBV) is a γ-herpes virus that infects more than 90% of individuals worldwide [1] . EBV is the first characterized oncovirus [2] , and its function is well known in human cancers, including Burkitt's lymphoma, non-Hodgkin's lymphoma, nasopharyngeal carcinoma), and gastric cancer [3] , with up to 400,000 cases each year as estimated by the World Health Organization [4] . EBV encodes a series of functional proteins that support two types of infection: latent and lytic.
Among EBV latent proteins, latent membrane proteins 1 (LMP1) and 2A (LMP2A) are essential for maintenance of the latent infection and EBV-induced B-cell transformation and oncogenesis [5, 6] . The large cytosolic c-terminal activating regions (CTARs) 1 (aa 194-232) and 2 (aa 351-386) of LMP1 provide constitutive activation of cell proliferation, motility, and migration by binding to oncogenic signaling pathways, such as NF-κB, phosphatidylinositol 3-kinase (PI3K)/Akt, ERK, and JAK/STAT [7] [8] [9] [10] . LMP2A also activates PI3K/Akt pathway and contributes to B-cell survival and proliferation [6, 11, 12] . In this way, expression of LMP1 and 2 promoted malignant phenotypes, including suppressed apoptosis, and increased metastasis and invasion in EBV-infected cancer cells [13] [14] [15] [16] [17] .
Reactive oxygen species (ROS) play pivotal roles in the body, helpful or harmful depending on the level of ROS. A moderate increase in ROS level activates a signaling pathway that initiates various biological processes, while accumulation of ROS promotes aging and numerous diseases including cancer, cardiovascular, and autoimmune disorder [18] [19] [20] .
Mammalian cells have developed an effective system to protect against cellular damage in response to oxidative stress. The activation of nuclear factor erythroid 2-related factor 2 (Nrf2), a redox-sensitive transcription factor, is the first-line defense. Nrf2 has a basic leucine zipper (bZip) motif with a Cap "n" Collar (CNC) structure [21] .
Nrf2 binds to the antioxidant response element (ARE, 5′-TGACNNNGC-3) in the promoter region of target genes [22] [23] [24] .
Under normal conditions, Nrf2 is isolated from the Kelch-like ECH-associated protein-1 (Keap1) in the cytoplasm. Sequestered Nrf2 is degraded by E3 ubiquitin ligase complex for ubiquitination. However, under oxidative stress, Nrf2 is protected from proteasomal degradation through dissociation from Keap1. Then, Nrf2 is translocated into the nucleus and forms a heterodimer with small Maf proteins. Finally, it binds to ARE sequences and antioxidant genes such as heme oxygenase-1 (HO-1), NAD(P)H-quinone oxidoreductase 1 (NQO-1), glutathione S-transferase (GST), and γ-glutamylcysteine ligase (GCL) [25] [26] [27] .
Recently, several studies including our reports have shown that EBV-infected cells have high ROS levels that are modulated by various mechanisms [28, 29] . However, it is still not known whether Nrf2 is activated in EBV-infected cells and how Nrf2 activation is related to expression of EBV-related proteins. Therefore, in this study, we investigated the activation of Nrf2 in EBV-transformed B cells, with a focus on the underlying molecular mechanisms.
Materials and Methods

Cell Culture
Preparation of cell-free EBV virions and generation of EBVtransformed B cells were carried out as described previously [30] . PBMCs were isolated from peripheral blood of human volunteers. These cells were maintained in RPMI 1640 medium (Hyclone, Logan, UT) supplemented with 10% FBS (Hyclone, Logan, UT) and antibiotics under a humidified atmosphere with 5% CO2.
Cell Viability Assay
The cells were seeded at a density of 1-2 × 10 4 cells/well in a 96well plate and transfected with siNrf2 for 48 hours. Cell viability was assessed by Cell Tilter 96 Aqueous One Solution Cell Proliferation Assay (Promega Corporation, Madison, WI), according to the manufacturer's instructions. Untreated cells served as a negative control. The experiments were performed in triplicate.
Western blot
Protein concentrations of cell lysates were determined with Bradford reagent (Bio-Rad, Hercules, CA), and 20 μg per lane was separated by 8%-15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis before transferring to Immobilion PVDF membranes (Millipore, Billerica, MA). Membranes were blocked with 5% skim milk in TBS-T buffer (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1% Tween 20) and reacted with primary antibodies at 4°C overnight. We used anti-β-actin, anti-Lamin B and LMP2A (Santa Cruz Biotechnology, Santa Cruz, CA), anti-LMP1 (Abcam, Cambridge, MA), anti-Nrf2, anti-Ho-1, anti-NQO-1, anti-pAkt, anti-Akt, anti-caspase-9, and anti-caspase-3 (Cell Signaling Technology, Beverly, MA) antibodies. Bound primary antibodies were visualized by incubating with horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary antibodies (Cell Signaling Technology, Beverly, MA) and detected with chemiluminescence detection reagents (Amersham, Buckinghamshire, UK). Densitometry to quantify protein was performed using Image J software.
RNA Interference
EBV-transformed B cells were transfected with scrambled siLMP1 (5′-GGAAUUUGCACGGACAGGUU-3′ and siLMP2A (5'-AACUCCCAAUAUCCAUCUGCUUU-3′, Genolution Pharmaceuticals Inc. Seoul, Republic of Korea) or Nrf2 siRNA (Santa Cruz Biotechnology, Santa Cruz, CA) with Lipofectamine RNAimax (Invitrogen, Carlsbad, CA) for 48 hours according to recommended guidelines.
Nuclear and Cytoplasmic Fractionation
Nuclear and cytoplasmic fractionation of cells was performed using a Nuclear/Cytosol Fractionation kit (BioVision Inc., CA). After treatment with CEB-A and CEB-B, the cytoplasmic extract was harvested by centrifugation at 16,000 g for 5 minutes. The pellet was resuspended in 100 gl of NEB, and the nuclear fraction was harvested by centrifugation at 16,000 g for 10 minutes.
ROS Measurement
Cells were treated or transfected as indicated in the figure legends and stained with 20 μM H 2 DCF-DA (Sigma-Aldrich, St Louis, MO) for 1 hour. Cells were trypsinized, washed with PBS, and resuspended in 0.5 ml PBS. H 2 DCF-stained cells were quantitatively analyzed by FACS Calibur flow cytometer (BD Biosciences, San Jose, CA). Flow cytometric data were analyzed using BD Cell Quest software (BD Biosciences, San Jose, CA).
Immunocytochemistry
The cells were plated onto poly-L-lysine-coated slides, fixed in an acetone:methanol solution (1:1) for 10 minutes at −20°C, and washed twice with PBS for 5 minutes. The cells were then permeabilized in 0.2% Triton X-100 for 5 minutes and washed twice with PBS for 5 minutes. The cells were blocked in 1.5% horse serum in PBS for 30 minutes at room temperature and then incubated overnight in a humidified chamber at 4°C with primary antibodies including rabbit anti-Nrf2 (1:300, Cell Signaling Technology, Danvers, MA). After washing twice with PBS, the cells were incubated with rabbit-FITC secondary antibody (1:500, Sigma-Aldrich, St Louis, MO) for 1 hour at room temperature. They were also stained with 4,6-diamidino-2phenylindole (DAPI) to visualize the nuclei. Slides were then washed twice with PBS and mounted with DAKO fluorescence mounting medium (DAKO, Santa Clara, CA) before viewing with Olympus BX51 Fluorescence microscope with MetaMorph software (FISH).
TUNEL Staining
EBV-transformed B cells were plated in six-well plates with RPMI medium, transfected with siNrf2 for 48 hours, and plated onto poly-L-lysine-coated slides. They were then fixed in an acetone:methanol solution (1:1) for 10 minutes at −20°C and washed twice with PBS for 5 minutes. The cells were then permeabilized in 0.2% Triton X-100 for 5 minutes and washed with PBS twice for 5 minutes. The slides were stained with terminal deoxynucleotidyl transferase mediated dUTP nick-end labeling (TUNEL) using an in situ cell death detection kit (Millipore, Billerica, MA) in accordance with the manufacturer's instructions.
Statistical Analysis
Data are expressed as the mean ± standard deviation (SD). Statistical analysis was performed using SigmaPlot version 7 and unpaired Student's t tests. Differences were considered statistically significant when P b .001.
Results
Nrf2 activation and ROS up-regulation in EBV-Transformed B cells
Recently, several studies including our report showed that EBVinfected B cells have high ROS levels [28, 29] . Also, it is well known that the first-line defense system involves activation of Nrf2 transcription factor in response to oxidative stress [22] [23] [24] . Therefore, we determined the levels of Nrf2, HO-1, and NQO-1 in EBVtransformed B cells and PBMCs. As shown in Figure 1A , EBVtransformed B cells expressed high levels of Nrf2, HO-1, and NQO-1 compared to PBMCs. The mRNA level of these proteins is shown in Supplementary Figure 5A . Also, Nrf2 translocated into the nucleus in EBV-transformed B cells but not PBMCs (Figure 1 , B and C). Next, we found that the ROS level decreased when Nrf2 expression was inhibited by siRNA in EBV-transformed B cells ( Figure 1D ). These results suggest that Nrf2 is an important ROS regulator in EBVtransformed B cells.
Both LMP1 and 2A Regulate Nrf2 Activation in EBV-Transformed B Cells
To determine whether the EBV-related key protein LMP1 affects ROS and Nrf2 levels in EBV-transformed B cells, we used siRNA against LMP1 or LMP2A. As shown in Figure 2A , siRNA-mediated inhibition of LMP1or LMP2A resulted in decreased Nrf2 in EBVtransformed B cells. In addition, LMP1 or LMP2A knockdown blocked the translocation of Nrf2 into the nucleus in EBVtransformed B cells but not in control siRNA-transfected cells (Figure 2, B and C) . Interestingly, we found that the ROS level was lower in the LMP1 knockdown compared to siRNA-mediated inhibition of Nrf2 ( Figure 2D ). Because it has been reported that Ctar1 of LMP1 provides constitutive activation of cell proliferation, motility, and migration by binding to oncogenic signaling pathways, such as NF-κB, PI3K/Akt, ERK, and JAK/STAT [7] [8] [9] [10] , we next determined the LMP1 required for its activation of Nrf2. We manufactured deletion mutant lacking Ctar1 to test in this study. The results showed that Nrf2 activated with wild-type LMP1 but not its deletion mutants (Supplementary Figures 1 and 2) . Following transfection of siRNA against LMP1 or LMP2A, HO-1 and NQO-1 were downregulated in EBVtransformed B cells ( Figure 2E ). The mRNA level of these proteins is shown in Supplementary Figure 5B . Also, transfection of wild-type LMP1 increased both HO-1 and NQO-1 expression level. However, transfection of Ctar1-deleted mutants restored the increased NQO-1 level but not HO-1 expression ( Supplementary Figure 3) . These findings suggest that LMP1 and LMP2A are regulated by the Nrf2/ROS system in EBV-transformed B cells.
LMP1 and 2A Induce Nrf2 Activation Through Akt Protein in EBV-Transformed B Cells
Because both LMP1 protein and ROS can activate Akt [8] , we identified the protein levels of both in EBV-transformed B cells. As shown in Figure 3A , activation of Akt was increased in EBVtransformed B cells compared to PBMCs. Next, inhibition of Akt using LY294002 decreased the level of Nrf2 in EBV-transformed B cells ( Figure 3B ). In addition, LY294002 blocked the translocation of Nrf2 into the nucleus in EBV-transformed B cells but not in control siRNA-transfected cells ( Figure 3C ). Following treatment with LY294002, HO-1 and NQO-1 were downregulated in EBVtransformed B cells ( Figure 3D ). The mRNA level of these proteins is shown in Supplementary Figure 5C . Also, transfection of wild-type LMP1 in 293T cells increased in pAkt expression level but not its deletion mutants ( Supplementary Figure 3) . Moreover, we determined that Akt activation was downregulated by LMP1 or LMP2A knockdown in EBV-transformed B cells ( Figure 3E ). These data imply that Akt is a key regulator of LMP1-and LMP2A-mediated Nrf2 activation in EBV-transformed B cells.
Suppression of Nrf2 Expression Induces Apoptotic Cell Death in EBV-Transformed B Cells
To determine the effects of Nrf2 inhibition on the viability of EBV-transformed B cells, cells were transfected with siRNA against Nrf2 or control for 48 hours. As shown in Figure 4A , knockdown of Nrf2 inhibited expression of Nrf2, HO-1, and NQO-1. The mRNA level of these proteins is shown in Supplementary Figure 5D . These data show that siRNA against Nrf2 is processed in EBV-transformed B cells. Also, knockdown of Nrf2 decreased the cell viability of EBVtransformed B cells compared to control-siRNA-transfected cells ( Figure 4B ). Next, we evaluated apoptosis in EBV-transformed B cells after knockdown of Nrf2. Through TUNEL staining, we found that siRNA-Nrf2-transfected cells underwent apoptosis, whereas control-siRNA-transfected cells were less sensitive to knockdown of Nrf2induced apoptosis ( Figure 4C ). We then examined caspase-3 and -9 cleavage, a hallmark of apoptosis. Following knockdown of Nrf2, cleaved caspase-3 and -9 levels increased in EBV-transformed B cells but not in control-siRNA-transfected cells ( Figure 4D ). Also, siRNAmediated knockdown of Nrf2 resulted in a decrease in proliferation activity ( Figure 4E ). These data clearly show that inhibition of Nrf2 results in selective killing of EBV-infected cells.
Discussion
Our study is the first demonstration of the importance of Nrf2 activation induced by the EBV-related protein LMP1 and LMP2A in EBV-transformed B cells. The activation of Nrf2 is due to potentiation of ROS-induced apoptosis via overexpression of Akt.
EBV is the most common virus and infects more than 90% of the world's adult population. EBV can remain asymptomatic for a long time in humans [1, 2] EBV is absent in nontumorous mucosa but present in all cancer cells, in which it has a clonal nature. Therefore, EBV is often considered a dangerous virus [31, 32] . EBV-positive cancer patients often demonstrate a poor response to chemotherapy. Moreover, the presence of EBV is associated with poor prognosis with low survival rate in breast and gastric cancer patients. Also, EBV-positive nasopharyngeal cancer is related to poor radiotherapy response [33] [34] [35] . However, the mechanisms underlying these associations are not very clear. In this study, we demonstrated a new mechanism in EBV-transformed B cells. Therefore, this report is expected to improve the poor prognosis of patients with EBV-associated diseases.
Many studies have shown that Nrf2 helps tumor cell survival and accelerates drug metabolism [36] [37] [38] , thus contributing to chemo-or radioresistance [39] . Overexpression of Nrf2 is associated with poor prognosis in cancer [40] . Targeting of Nrf2 signaling impairs tumorigenesis in the lung, pancreas, and colon [41] [42] [43] . However, there is no study on Nrf2 activation in EBV-infected cells. Because several studies including ours have shown that EBV-infected cells have a high ROS level [28, 29] , we determined the relationship of Nrf2 signaling with EBV-infected cells. In this study, we observed high expression of Nrf2 ( Figure 1A) as well as the activation of Nrf2 through translocation into the nucleus ( Figure 1B) in EBVtransformed B cells compared to PBMCs. Inhibition of LMP1 or LMP2A, which is one of several EBV key proteins, was also suppressed by activation of Nrf2 as well as ROS level ( Figure 2D) . Also, knockdown of LMP1 or LMP2A using siRNA increased caspase-3 and -9 cleavage in EBV-transformed B cells compared to PBMCs (data not shown). These data suggest that targeting LMP1 and LMP2A could suppress ROS levels through Nrf2 inhibition and potentially facilitate the development of agents to treat EBV-infected patients with a poor response to chemotherapy.
We further showed that inhibition of Akt suppressed Nrf2 activation in EBV-transformed B cells ( Figure 3B ). PI3K/Akt is an important pathway in cell survival and is frequently disordered in several human malignancies. In addition, the PI3K/Akt and RAF/ ERK/MAPK pathways are well-known mediators of RAS-mediated transformation and tumorigenesis [44, 45] . Especially, several reports including our previous study have shown that Akt and/or the ERK pathway play an important role in EBV survival [46] [47] [48] . In addition, there is a well-known association of ERK/Akt with Nrf2 pathways [49] [50] [51] . Therefore, we examined that relationship of ERK/Akt with Nrf2 activation in EBV-transformed B cells. As shown in Figure 3A , the Akt is activated in EBV-transformed B cells compared to PBMCs. Inhibition of Akt by LY294002 caused decreased expression and activation of Nrf2 (Figure 3 , B-C). Also, inhibition of Akt using LY294002 increased caspase-3 and -9 cleavage in EBV-transformed B cells compared to PBMCs (data not shown). Particularly, knockdown of LMP1 or LMP2A suppressed Akt activation, suggesting that LMP1 and LMP2A are upstream of the Akt pathway ( Figure 3E ). On the other hand, inhibition of the ERK pathway made little change in Nrf2 activation, although ERK is overexpressed in EBV-transformed B cells compared to PBMCs (data not shown). These results suggest that Nrf2 activation is associated with the Akt pathway in EBVtransformed B cells.
The c-terminal region of LMP1 contains two major c-terminal activating regions (Ctar1 at amino acids 194 to 232 and Ctar2 at amino acids 351 to 386) [52] , and we selected deletion mutants lacking Ctar1 (ΔCtar1) to test in this study. As shown in Supplementary Figures 1-3 , we determined important of LMP1-Ctar1 for Nrf2 activation. The transfection of wild-type LMP1 in 293T cells increased in pAkt and NQO-1 as well as Nrf2 expression level but not Ctar1-deleted mutants. On the other hand, HO-1 level is increased by wild-type LMP1 transfection in 293T cells, but its mutants failed restoration. Because we suspect that HO-1 was affected by other effects, these results are planned for further study. Also, we will study the importance of Ctar2, one of two major cterminal regions of LMP1.
In addition, under normal condition, because Nrf2 is isolated from the Keap1 in the cytoplasm and then sequestered Nrf2 is degraded by E3 ubiquitin ligase complex for ubiquitination, we determined using MG132 as a proteasome inhibitor whether the decrease in Nrf2 expression by each siRNAs or LY294002 was caused by ubiquitinationmediated degradation, but ubiquitination did not affect the decrease (Supplementary Figure 4) .
In summary, our data demonstrate that LMP1 and LMP2A promote Nrf2 activation through translocation into the nucleus, whereas knockdown of LMP1 or LMP2A blocked these responses in EBV-transformed B cells. Furthermore, we showed that Akt mediated LMP1-or LMP2A-induced Nrf2 activation using the Akt inhibitor LY294002. Also, suppression of Nrf2 using siRNA induced apoptotic cell death in EBV-transformed B cells. Overall, our findings suggest that Nrf2 is a key determinant for the differential response of EBVinfected cells and noninfected cells, and Nrf2 signaling is modulated by LMP1 and LMP2A expression in EBV-transformed B cells.
Finally, the Nrf2 pathway is a promising therapeutic strategy for treating EBV-related diseases.
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